A new stripping coil for the collection of nitrogen dioxide (NO2) has been developed to increase its versatility and efficiency. Nitrogen dioxide measurements based on quantitative collection through a reaction coil into an alkaline solution has been examined. Nitrogen dioxide is collected in a 0.1 N NaOH solution. This collection system has an efficiency of nearly 100%. The absorbed nitrogen dioxide has been measured by fluorescence detection with sub-ppbv detection limits. The excitation wavelength at 360 nm and the produced emission wavelength at 405 nm were suitable for nitrite ion measurements.
Introduction
Recently, various optical spectroscopic techniques have been used for the determination of nitrogen dioxide in ambient air. One of these is the ozone-chemiluminescent technique, [1] [2] [3] which indicates that this measurement relies on the reaction of nitric oxide (NO) with ozone to produce an excited form of NO2. As the excited molecule returns to its ground state, fluorescent radiation is emitted, the intensity of which is proportional to the concentration of NO. However, it is important to note that the chemiluminescence analyzer does not directly measure the concentrations of nitrogen dioxide. Different optical absorption spectroscopy 4, 5 (DOAS) has also been developed based on UVvisible absorption spectroscopy. This technique can be used to measure a wide range of air-pollution species. Using this method, the concentration integrated over the length of the light path gives an average concentration that can be useful to assess public exposure. However, the integrated measurement cannot be directly compared with the limit values or the air-quality objectives; other disadvantages, are that the calibration may be difficult, relatively high in capital cost and the unfavorable weather conditions. The laser-induced fluorescence (LIF) technique is desirable. George and O'Brien 6 developed a fluorescence assay by a gas expansion (FAGE) instrument with a frequency-doubled Nd:YAG laser. Also, a tunable dye laser 7 was adopted to improve the sensitivity of nitrogen dioxide measurements. The laser technique is specific for nitrogen dioxide detection, in principle, because of selection of the excitation wavelength. However, the disadvantages of this kind of method are the small sensitivity and potential interference, e.g. scatting by particles.
On the other hand, in the classical NO2 wet determination method, gaseous NO2 is absorbed directly into an aqueous solution, where it is converted to nitrite ions. The nitrite ions react with the diazo compound to give a purple-pink dye, the absorbance of which is determined at 544 nm. A variety of aqueous solutions have been employed as absorption solutions. The first method to be proposed was that nitrogen dioxide is directly absorbed into an acetic acid solution containing the diazo reagent 8 (Saltzman, 1954) , or into a sodium hydroxide solution 9 (Jacobs and Hochheiser, 1958) . Both methods are based on bubbling air into a solution using a colorimetric determination. In the Saltzman method, it was observed that the value of the stoichiometric coefficient (NO2 -: NO2) ranged from 0.7 to 1 when the uptake of NO2 yielded NO2 -in the solution. The reason for this is that the stoichiometric coefficient may depend on the NO2 partial pressure, increasing with decreasing NO2 partial pressure.
Jacobs and Hochheiser used a 0.1 N NaOH solution as an absorption solution with a surfactant, like butanol, in order to increase the absorption efficiency. However, it was found that the absorption efficiency was low and variable, depending greatly upon the sampling conditions. Even when these conditions were carefully controlled, the variation in the absorption efficiency was appreciable. [10] [11] [12] It is clear that the method of Jacobs and Hochheiser has been restricted by an uncertified absorption efficiency and by an argument concerning nitrite ion generation in terms of various interferences, such as NO, SO2. [13] [14] [15] [16] [17] [18] [19] In this work, using a 0.1 N NaOH absorption solution, the absorption efficiencies of nitrogen dioxide using a new absorber were investigated. Two essential issues should be resolved: one is the absorption efficiency; the other is interference from NO, SO2 and HONO. We have found that the absorption efficiency can be made nearly 100% along with the uptake of NO2 by a 0.1 N NaOH solution. The production nitrite can be determined by fluorescence detection.
A comparative field measurement of NO2 in the gas phase was also carried out at the university campus simultaneously in order to assess the feasibility of the present method. The other methods employed were a long-path differential optical adsorption spectroscopy (DOAS) and a nitrogen-oxide chemiluminescent analyzer.
Experimental

Procedure for measuring the relative formation yield of nitrite and nitrate ions
The uptake and the reaction of NO2 in an alkaline solution were investigated. The yield of nitrite and nitrate ions formed using a fritted bubbler glass in the aqueous solution from dissolving NO2 gas were determined by ion chromatography (Metrohm Ltd., 761 Compact IC). Diluted NO2 gas was prepared by controlling the flow rate of NO2 standard gas and purified air. The flow rate of a NO2-purified air mixture gas was always controlled at 300 cm 3 min -1 . The absorbing solution was examined with a buffer solution (pH = 6 -12), Milli-Q water, and a 0.1 N NaOH aqueous solution, respectively.
The experimental set-up for examining the relative formation yield of nitrite and nitrate ions is schematically shown in Fig. 1 . The experimental setup consists of three parts: 1) cylinder air that passes through an activated-carbon scrubber, 2) a cylinder of NO2, 3) and an absorbing bottle with a fritted bubbler for gasliquid contact. The flow rate of each line was controlled by a mass flow controller (PSK-1FA, Model 3650). The NO2 and cylinder air were sufficiently mixed in the mixing chamber. After sampling for 1 h, the liquid sample was collected and introduced into ion chromatography to analyze nitrite and nitrate ions.
Procedure for measuring the absorption efficiency of nitrite ions in an alkaline solution for gaseous NO2
Since the absorption efficiency of the previous absorption system was low, a new system has been developed. The experimental set-up for examining the NO2 absorption efficiency is partly illustrated in Fig. 1 . The portion that is surrounded by the dotted line in Fig. 1 (a) was substituted by a stripping coil and fluorescence detection, which is shown in Fig.  1(b) . A 3400 mm stripping coil (19-turn) made of Teflon tubing (i.d. 3 mm) was used to increase the absorption efficiency. Both dilute NO2 gas and the absorption solution were introduced into the upstream part of the reaction coil for gas-liquid contact. A peristaltic pump with 0.79 mm i.d. Tygon tubing was used to feed the absorption solution. After that, the liquid sample was fed into a fluorescence detection system to measure the nitriteion concentration. The fluorescence detection process is schematically shown in Fig. 2 . The sample and the fluorescence reagent accompanying the HCl solution (1.5 N) were introduced into a thermostated (50˚C) reaction coil, next, a peristaltic pump pumped a 1-naphthotriazole and 2 N NaOH solution to a mixing coil. Then, the product was introduced to a fluorescence detector to determine the concentration of nitrite ion. The reaction mechanism for the fluorescence substance is shown as follows: [20] [21] [22] The optimum fluorescence condition for the determination of nitrite was obtained.
The fluorescence spectra of 1-naphthotriazolate ion were investigated at various excitation wavelengths with a Nihon Bunko Co. Fp-750 fluorescence spectrophotometer. The fluorescence spectra with excitation wavelengths of 300 -400 nm have three peaks at 385, 405 and 426 nm, and the max peak is 405 nm. The fluorescence intensities of the 1-naphthotriazolate ion were strong at excitation wavelengths of 350 -370 nm. The best excitation wavelength is around 360 nm. The micro flow fluorescence detector for nitrite ion is equipped with a Xe lamp that emits light from 185 -2000 nm (Hamamatsu). Therefore, a UVtransmitted and visible-absorbed band-pass filter and UVtransmitted sharp-cut filter were used to irradiate excitation light at only near 360 nm.
Instrumentation for field measurements
The stripping coil sampler technique for field measurements is shown schematically in Fig. 3 . Ambient air was initially aspirated into a continuous concentrator 23, 24 through which gaseous HONO was selectively absorbed into Milli-Q water. The HONO concentration in the ambient air was 5 -10% of NO2. The typical nighttime urban mixing ratios are from about 1 ppb to maximum values approaching 10 ppb, 25, 26 and were sometimes higher than 10 ppb. 27 Thus, the interference from HONO is assumed to be, at most, 5 -10% experimental error for NO2 determination if we take a 100% absorption efficiency for NO2. Using this system, the absorption efficiency of HONO has already been investigated in our lab. The continuous concentrator is called an "air-dragged aqua-membrane denuder," named based on its principle of operation. Regarding Febo's paper, 28 HONO standard gas is generated by the reaction of NaNO2 with HCl. In order to determine the HONO concentration in the sample gas, two annular denuders are used. One denuder is uncoated and the other is coated with Na2CO3. The two sample flows are subject to a determination of the total NOy using a NOx analyzer. By taking the difference, the HONO concentration can be determined. Then, in order to check the absorption efficiency, an absorption solution is fed into the lower side of the denuder at a flow rate of 0.07 cm 3 min -1 , and the absorption solution is dragged up to the upper side of the denuder at an air flow rate of 1.2 dm 3 min -1 . The absorption solution in the denuder is sucked out from the upper side of the denuder and introduced into a fluorescence detector to determine the concentration of nitrite ion. Therefore, the absorption efficiency can be calculated from the amount of nitrite ion trapped in the aqueous solution and HONO introduced.
Then, the ambient air from which HONO was selectively removed is introduced into the reaction coil to contact with a 0.1 N NaOH solution. (the gas and the liquid flow rates are 150 cm 3 min -1 , 0.6 cm 3 min -1 , respectively). Finally, after reacting with the fluorescence reagent DAN and 2 N NaOH, in turn, the product is introduced into a fluorescence detector, and the concentration of the nitrite ion can be determined.
A DOAS (TEI Model 2000) and a NOx analyzer (Kimoto, Model NA-623) were used to determine NO2 in ambient air simultaneously. In this work, the DOAS absorption spectra of NO2 were recorded at wavelengths of 410 -450 nm regions. The length of optical path was about 1000 m.
Fluorescence reagents
Fluorescence reagents used for nitrite analysis were investigated previously at our lab. After 4 × 10 -4 g of 2,3-diaminonaphthalene (DAN) (Wako Pure Chemical) was dissolved in 100 cm 3 of 1.5 N HCl (Wako Pure Chemical), and 2 N NaOH (Wako Pure Chemical) was used to adjust the solution pH to be > 8.
Results and Discussion
NO2 -yield efficiency and pH dependence
The dissolution of NO2 into an aqueous solution has been 
where 50% of the NO2 dissolved into aqueous solution is converted to the nitrite and the rest to nitrate ions. However, all investigators who have examined the efficiency of sampling and determination of NO2 in the air have found the recoveries as nitrite to be higher than 50%. Absorption solutions with various pH values were examined concerning the nitrite ion yield and the absorption efficiency for reacting with a NO2-air gas mixture (NO2 = 450 ppb). Figure 4 shows the results of a series of experiments. The results demonstrate that the conversion of nitrogen dioxide to nitrite ions in the solution increases along with the increase of the pH, approaching almost unity in a 0.1 N NaOH solution. A plausible reaction responsible for the 100% nitrite formation in a 0.1 N NaOH solution is
Because the standard oxidation-reduction potential of reaction (2) is calculated to be 0.446 V, this reaction is accessible under the standard condition,
As shown in Fig. 4 , the ratio NO2 -/NO3 -yielded in the absorbing solution from NO2 gas increased monotonously with increasing the pH, this pH dependence of the nitrite ion yield can be rationally explained by the following mechanism: both reactions (1) and (2) occur competitively in an alkaline solution. Under this mechanism, the rate equations for nitrite and nitrate formation can be written as
Thus, the ratio of the nitrite ion yield, [ 
NO2(g) absorption efficiency and gas-liquid phase transfer
The absorption efficiency of gaseous NO2 was investigated concerning the absorption solution of the maximum nitrite ion yield discussed above, i.e. a 0.1 N NaOH aqueous solution. The results are shown in Figs. 5 and 6. Figure 5 displays the absorption efficiency against the liquid flow rates, ranging from 150 cm 3 min -1 to 300 cm 3 min -1 . We observed that the absorption efficiency increased up to 103 ± 5% with the liquid flow rate up to 0.6 cm 3 min -1 . An absorption efficiency of 100% is important because one does not need any correction by the absorption efficiency for calculating the NO2 concentration, and one can also avoid bothering to care about maintaining the efficiency constant when it is not 100%.
Furthermore, we found that the absorption efficiency was determined to be a function of the flow-rate ratio of the absorption solution against the sample gas. (Fig. 6 ). The simple model calculation can be written as
where R is the ideal gas constant (0.08205
), H Henry's Law Constant, T the temperature in Kelvin, t the reaction time in seconds, [OH -] the concentration of the collection solution, Faq the liquid flow rate and Fg the gas-flow rate.
Under the condition of the liquid flow rate being less than 0.6 cm 3 min -1 , all of the data can be explained by Eq. (8) with a rather larger scatter. However, under the largest flow rate of the liquid, 0.8 cm 3 min -1 , the data points seem to deviate systematically from the above correlation between the absorption efficiency and the gas-liquid flow ratio. The cause of this discrepancy is uncertain at present. Figure 6 shows that the collection efficiency increases with
the increase of the ratio of the liquid and the gas-flow rates, and converges to 100% for a liquid flow rate of 0.6 cm 3 min -1 . Hence, k2 = 130 M -1 s -1 and H = 0.54 are used, as discussed above. Considering our experimental conditions, due to the gas-liquid contact time, the time (t) in Eq. (8) can be given as 0.05 -0.2 min, 1 >> exp(-k2[OH -]t/H). Therefore, the gasliquid contact time (t) is irrelevant of the absorption efficiency. The gas-liquid contact time can be determined by both the length of the coil (3400 mm), the inner diameter of the coil (3 mm) and the gas flow rate. Based on the experimental results, a 100% absorption efficiency can be obtained as long as the gasliquid contact time is larger than 0.16 min. Generally, under the ideal situation, the collection of NO2 by reaction (2) involves the following sequential steps: a) diffusion of NO2 molecules within the gas phase to the gas-liquid interface; b) establishing Henry's law equilibrium at the interface; and c) the reaction of NO2 with OH -ions occurring in the liquid phase near to the interface. Because gaseous NO2 is only slightly soluble in an aqueous solution, the condition of the liquid phase near to the interface can be assured to change only slightly during gasliquid contact in the absorption coil. In this case, step a) is critical to produce nitrite ion. In this work, lowering the efficiency with increasing gas flow rate may indicate that the time for gas-liquid contact is insufficient, and the diffusion of NO2 molecules might be rate limiting in a large gas-flow rate range (200, 250, 300 cm 3 min -1 ).
Regarding the interference from NO, the reaction process of NO and NO2 in the liquid phase has been kinetically studied. 30 In this study, we found that under the conditions of the concentration ratio of NO/NO2 being controlled within 10 times, there is no influence on the absorption efficiency. SO2 has a bleaching effect that makes the diazotizing reagent invalid. In the present work, a fluorescence reagent was used to detect nitrite; thus, the interference of SO2 can also be disregarded. The interference from HONO is the biggest influential factor for nitrogen dioxide analysis because the concentration of HONO in the ambient air may become up to 10% of that of NO2. In this work, the interference of HONO could be removed by using a continuous concentrator.
Field measurement
This coil technique has been shown to confirm the feasibility for practical use by comparing with other NO2 measurement techniques: a chemiluminescence NOx analyzer and DOAS. This measurement was carried out at Osaka Prefecture University, which is located in a suburb area. Figure 7 depicts the results.
It was cloudy during these days. Three measurement methods all showed similar variance patterns, Thus, the interference from HONO was sufficiently considered. In the fluorescence method, the detection limit, calculated at least three times for the maximum baseline, was 12.0 nmol dm -3 . Thus, the detection limit of the gaseous NO2 concentration was 1.2 ppb.
Conclusions
An improved technique was developed for the measurement of NO2, in which the sampling was achieved by using a Teflon reaction coil of 100% collection efficiency. Moreover, the interference of HONO could be removed. A field measurement was also conducted. The data from the fluorescence method were lower than that from both the DOAS method and the NOx analyzer, because the interference of HONO had already been removed. We intend to both elucidate the mechanism of the NO2-NaOH reaction and to measure the NO2 concentration at various field sites in further research. ANALYTICAL SCIENCES JULY 2004, VOL. 20 
